We have designed a two-dimensional photonic crystal in electro-optic materials that can actively control the superprism effect. By applying an electric field to the photonic crystal, the electro-optic effect will change the dielectric constant of the material, which modifies both the band structure and the dispersion surfaces. In the proposed structures, we show that electric fields of up to 6 V/m in (Pb 0.09 La 0.91 )(Zr 0.65 Ti 0.35 )O 3 -based photonic crystals can deflect light up to 49°. This device concept can be used for a class of optical modulation devices that can provide a local control of dispersion surfaces within a photonic crystal.
We have designed a two-dimensional photonic crystal in electro-optic materials that can actively control the superprism effect. By applying an electric field to the photonic crystal, the electro-optic effect will change the dielectric constant of the material, which modifies both the band structure and the dispersion surfaces. In the proposed structures, we show that electric fields of up to 6 Photonic crystals ͑PCs͒ are artificial structures that have a periodic dielectric structure with high index contrast, designed to control photons in the same way that conventional crystals control electrons. 1 Like semiconductor devices that possess electronic band gaps, PCs also possess a band gap, a so-called photonic band gap, where the material acts like a photonic insulator and light of certain frequencies cannot propagate. Much attention has been focused on the opticalband-gap phenomenon, which is of interest for many optical applications. 2 PCs also have interesting conduction properties aside from being light insulators. One such conduction phenomena in PCs is the superprism effect, the extreme angle sensitivity of light propagation. It was found by H. Kosaka et al. in 1998 , where a change of the incidence angle of light on a two-dimensional ͑2D͒ hexagonal PC within Ϯ7°to the normal to the surface, caused the propagating beam to swing from Ϫ70°to ϩ70°. 3 The changing of the incident wavelength within 1% caused a scanning span of 50°. 4 Both of these effects are at about two orders of magnitude stronger than that of conventional refractive optics.
We propose that rather than changing the incident wavelength or angle to achieve large deflections, a direct modification of the band structure by the electro-optic ͑EO͒ effect can cause changes in the propagation direction of the incident light. We exploit the fact that small controlled changes in the band structure can result in large changes in the dispersion surfaces, which will in turn cause large controllable changes in the deflection angle. This has the advantage over conventional methods of scanning or beam manipulation by not requiring wavelength changes, or an additional light modulator to change the incidence angle of light into the PC. In addition, this scheme opens up device concepts arising from the possibility of local control of the dispersion surfaces within a PC by applying local electric fields.
The EO effect is the change in the index of refraction of a material with an applied external electric field, given by
where n i j is the index of refraction, E k and E l are externally applied fields, and r i jk and s i jkl are the linear and quadratic EO coefficients that are wavelength dependent, and the subscripts i, j,k denote the three cartesian coordinates, respectively. The r i jk denotes linear EO tensor present only in noncentrosymmetric materials, and s i jkl denotes quadratic EO tensor present in all materials. The dielectric constant i j is related to the index of refraction n, by i j ϭ o n i j 2 . With the application of an electric field the dielectric constant of the material would change to i j *ϭ o (n i j ϩ⌬n i j ) 2 . Large shifts in propagation direction through the superprism effect can be explained by the examination of the highly anisotropic dispersion surface found in PCs. The dispersion surface is the plot of equal frequency points in k-space. It is generated by determining the band structure in all directions in the first Brillouin zone of the reciprocal unit cell and then making a ''slice'' through the band structure at a desired frequency. Dispersion surfaces can have both negative and positive curvature and reflect the group symmetry of the PC structure. 5 The direction of light propagation in PCs is determined by the group velocity vector, v g ϭgrad k , which, by definition, is normal the tangent to of the dispersion surface. 6 Because most tunable photonic materials and systems have focused on shifting the band gaps by large amounts, the EO effect has been mainly ignored for use in PCs due to the relatively small magnitude of change in the dielectric constant (10 Ϫ4 -10 Ϫ2 ). However, since only a slight change in the band structure is required to modify the dispersion surfaces, the EO effect would be very useful, especially since the intrinsic response speed of the EO effect is known to be in the gigahertz range. 7, 8 Simulations for PCs fabricated from various realistic material systems were performed as a proof of concept. This work focuses on the simulation of hexagonal systems, but other symmetry systems would be applicable as well. The band diagrams and dispersion surfaces were calculated using plane-wave expansion methods. [9] [10] [11] By assuming the continuity of the tangential component of the incident and propaa͒ Electronic mail: vgopalan@psu.edu APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 19 12 MAY 2003 gating wave vectors, the propagation direction inside the crystal was obtained as the normal to the dispersion surface, where the propagating wave vector intersects this surface. 3 In support of the theoretical predictions, we present finite difference time domain ͑FTDT͒ simulations of the propagation of Gaussian beams incident on PCs. Calculations were carried out for the TM polarization, where the electric field is parallel to the column direction. As an approximation, piezoelectric changes to the dimensions of the structure were ignored.
Many material systems could be used to make these EO tunable PCs. One such system used in the simulations is ferroelectric lead lanthanum zirconate titanate ͑PLZT͒ of composition (Pb 0.09 La 0.91 )(Zr 0.65 Ti 0.35 )O 3 ͑also called PLZT 9/65/35͒. In a randomly oriented material like this, the quadratic EO response s i jkl is dominant. For grain sizes of approximately 1 m, the s 3333 is ϳ4ϫ10 Ϫ16 m 2 /V 2 . 12 With an applied electric field of 6 V/m ͑which is above the coercive field of 0.5 V/m to reverse ferroelectric domains, but below the breakdown voltage of 10 V/m͒, the change in the dielectric constant is 0.12. PLZT thin films have been successfully patterned into fine diffraction gratings with period of 1 m by preferentially exposing a photosensitive gel films loaded with PLZT precursors to UV light. 13 Coupling this with holographic exposure techniques could yield arrays of air holes in a PLZT matrix. 14 The proposed structure is composed of a 2D array of circular rods of dielectric constant a in a constant background dielectric constant b , shown as an inset in Fig. 1͑a͒ . The radius of the rods is determined by the fill factor ratio f , which is the ratio of the rod area to the unit cell area. Devices are first simulated with no applied field. This was then compared to another simulation of the same material and geometry, but with the dielectric constant modified by the EO effect ( b → b *). The two dispersion surfaces were then compared. Figure 1͑a͒ shows the band structure of a PLZT system ( a ϭ1 and b ϭ6.2) and the field-modified case ( a ϭ1 and b ϭ6.75), along with its dispersion surface at a normalized energy value a/2cϭ0.44 ͓Fig. 1͑b͔͒, where a is the lattice parameter. The black line is for the no-field case, while the broken line is for the applied-electric-field case.
Initial work found larger angle changes could be achieved by working at complex dispersion surfaces at higher energies, for example, at a/2cϭ0.48. However, numerical experiments using FTDT calculations show very poor agreement in these regimes. This is in agreement with experimental work by Wu et al., showing that the simple group velocity model proposed by Kosaka and Notomi do not work at higher energies. 15 For this reason, we use the simple dispersion surfaces at lower energies where incident light propagates much faster than at higher energies. These aspects will be investigated in a further publication.
If the input light is in the infrared region (ϭ1.5 m, a/2cϭ0.44), the spacing of the air rods will be a ϭ0.66 m with a rod diameter of 0.231 m. The propagation directions are found by taking the gradient to these surfaces for the input light range with incidence angle, i between Ϫ38°and ϩ38°to the normal to the ͑100͒ surface of the crystal ͑⌫M direction͒. Figure 2͑a͒ shows the change in output angle, ⌬ϭ͓ r (6 V/m)Ϫ r (0)͔ for a fixed input angle i between the case of no applied field and an applied field. For example, by fixing the input light angle at i ϭ11.25°and applying fields of 6 V/m can change the output by ͓ r (6 V/m)Ϫ r (0)͔ϳ49°. FIG. 2. ͑a͒ shows the change in output light direction, ⌬ϭ r (E) Ϫ r (0), between the field (Eϭ6 V/m) and no-field case in Fig. 1 as a function of the input light angle Ϫ38°Ͻ i Ͻϩ38°to the normal of the crystal input ͑100͒ face as calculated by plane-wave expansion method. ͑b͒ A more detailed region from ͑a͒, overlaying calculations done by FDTD calculation shown by the solid squares. Inset in ͑b͒ defines the geometry of light incidence and refraction angles. Figure 2͑b͒ shows the FTDT simulations overlaid on the plane-wave calculations of propagation angles of the proposed PC structures in PLZT. Agreement between the FTDT simulation and the tangent to the gradient of the dispersion surfaces generated by plane-wave expansion is good near the zone center, but breaks down near the zone edge. Figure 3 shows the FTDT simulation for input angles of 8°and 14°f or both no-field and applied-field cases, showing the changes in the output angle.
Several alternative fabrication schemes and materials can be imagined. Bulk inorganic ferroelectric crystals, such as LiNbO 3 and strontium barium niobate (Sr x Ba 1Ϫx Nb 2 O 6 ), could be used by exploiting the preferential etching of domain states, or by monolayer patterning of a chemical vapor deposition or sol-gel derived film. 16 Organic EO crystals, such as 2-methyl-4-nitroaniline, 17 could be fabricated into structures by using conventional deep reactive ion etching similar to the process already used on silicon. 18 Liquid crystals can be used by either infiltrating an existing 2D PC with liquid crystal, 19 or by using polymer-dispersed liquid crystals ͑PDLCs͒.
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Diffractive devices based on EO tuned superprism diffraction would have the advantage of extremely compact device size, as well as that of being integrated with other optical structures, such as waveguides and resonators. Devices in which light is controllably deflected into waveguide structures could serve as simple switches. Further, the wavelength-sensitive nature of the superprism effect could also be used to design tunable filters and multiplexers. The positive and negative curves in the dispersion surfaces can also be used to collimate or defocus light propagating through the PC. 22 Finally, if one patterns a 2D EO PC with an electrode structure on the surface that has a different symmetry from the PC, another layer of tunable symmetry can be imposed on the crystal. For example, by having electrode pads arranged at the vertices of a polygonal structure, one can create a microcavity in which light is diffracted by the EO tuning of the superprism effect and is confined within the polygonal cavity.
Modification of the band structure by the electro-optic effect, although a small change, can be used to modulate conductive properties of a photonic-crystal. These small changes in the band structure can cause very large changes in the propagation directions of light traveling through the structure. As an example, we have demonstrated that a photonic-crystal device fabricated from PLZT using conventional techniques can deflect light up to 49°with the application of electric fields.
We would like to acknowledge the support from the Center for Collective Phenomena in Restricted Geometries ͑Penn State MRSEC͒ under NSF grant DMR-00800190, and the National Science Foundation grant ECS-9988685. We also thank to Materials Simulation Center ͑Penn State University͒ for the provision of the computer facilities. 2) with rods of air ( a ϭ1). Shown is the structure given in Fig. 1 , with a Gaussian input beam of wavelength 1.5 m incident at 8°͑a,b͒ and 14°͑c,d͒ from the normal to the ͑100͒ face of PC ͑⌫M direction͒. ͑a͒ and ͑c͒ show the light propagation with no applied field ( b ϭ6.2), and ͑b͒ and ͑d͒ show light propagation with an applied field of 6 V/m to the matrix ( b *ϭ6.75). The difference in propagation direction between ͑a͒ and ͑b͒ is Ϫ28°, and ͑c͒ and ͑d͒ is Ϫ40°. The distortion on the left edge of ͑b͒ is the interference of the beam reflected from the perfect matching layer boundary in the FDTD simulation. The calculation window in both x and y directions in all simulations is for a distance of 100, where is the wavelength of incident light.
